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Abstract 
This paper analyzed the combustion characteristic of a hydrogen-blended gasoline engine running at high loads and 
lean conditions. The cycle-to-cycle variation in indicated mean effective pressure, cylinder pressure during 
combustion, heat release fraction and exhaust emissions at different conditions were experimentally investigated. The 
results showed that the addition of hydrogen was able to improve the engine stability through reducing the cyclic 
variation in indicated mean effective pressure. Moreover, the fuel heat release rate and peak cylinder pressure were 
accelerated after the hydrogen addition. Both HC and CO emissions were reduced significantly after the hydrogen 
blending. NOx emissions were slightly increased after the hydrogen addition due to the high flame temperature of 
hydrogen. 
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1. Introduction 
The daily increased energy crisis and environmental pollution have pushed studies on clean and 
renewable alternative fuels for vehicles. Among all fuel candidates, hydrogen is generally believed to be 
one of the most promising alternative fuels for the vehicle application [1]. Generally, the hydrogen can be 
produced through kinds of ways, such as water electrolysis, fuel reforming and biological hydrogen 
production, etc. This makes the application of hydrogen-based power system be important to the nation 
energy safety.  
Many investigations have shown that the hydrogen-blended engines could better thermal efficiency and 
lower harmful emissions than traditional mono fuel powered engines [2-6]. In some experiments [2], the 
diesel was used as the pilot fuel, and hydrogen and LPG were used as the secondary fuel. It showed that 
the engine thermal efficiency could be increased by 17% after the addition of hydrogen. Previous studies 
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[3,4] also found that the addition of hydrogen is capable of improving the thermal efficiency and reducing 
toxic emissions of gasoline engines. Some investigation aiming at studying the combustion characteristics 
of hydrogen-natural gas blends also showed that the addition of hydrogen contributed to the enhanced fuel 
laminar burning velocity and flame stability of natural gas [5,6]. 
However, although some published investigations have shown the performance of hydrogen-blended 
gasoline engines at the cold start, idle and part load conditions, there are limited papers which have 
particularly investigated the combustion characteristic of a hydrogen-blended gasoline engine at high 
loads and lean conditions. To provide the combustion information of the hydrogen-blended gasoline 
engines at high loads and lean conditions, this paper conducted an experiment focusing on studying the 
combustion characteristic of a hydrogen-blended gasoline engine at high loads and lean conditions 
through analyzing the cycle-to-cycle variation in indicated mean effective pressure, combustion pressure, 
heat release process and toxic emissions. Results from the current study are helpful for learning the 
combustion characteristic of hydrogen-blended gasoline engines. 
2. Experimental setup and procedure 
A Beijing Hyundai-manufactured 1.6 L commercial spark-ignition engine with dual head placed 
camshafts was selected as the testing engine. The testing bench consists of an eddy current dynamometer, 
a combustion analyzer and an emissions analyzer. The hydrogen was introduced into cylinder through 
four hydrogen injectors placed on runners of each cylinder. A self-developed electronic control unit was 
adopted to control the hydrogen and gasoline injection timings and durations.  
The engine speed was adjusted to 1400 rpm. The engine throttle position was controlled to be fully 
opened. Two hydrogen volume fractions (αH2) of 0 and 3% were applied. Under each αH2, the gasoline 
injection duration was reduced to enable the engine to run at three excess air ratios (λ) of 1.0, 1.2 and 1.4. 
For all testing points, the spark timing for maximum brake torque was acquired. αH2 and λ are defined by: 
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  Where, VH2 and Vair are volume flow rates of hydrogen and air at the normal condition [L/min]; ρH2 
and ρair are the densities of hydrogen and air at the normal condition [g/L]; mgas is the mass flow rate of 
gasoline (g/min); AFst,H2 and AFst,gas are the stoichiometric air-to-fuel ratio of hydrogen and gasoline. 
3. Results and discussion 
Indicated mean effective pressure (Imep) is an important factor reflecting the engine working ability. 
Also, the cyclic variation in Imep also influences the engine working stability. Fig. 1 plots Imep versus 
excess air ratio at three excess air ratios of 1.0, 1.2 and 1.4. It is noticed from Fig. 1 that Imep of the 3% 
hydrogen-blended gasoline engine is lower than that of the original gasoline engine at two excess air 
ratios of 1.0 and 1.2, due to the low volume energy density of hydrogen. When the excess air ratio 
approaches to 1.4, Imep is raised after the hydrogen addition. This is because the hydrogen has a wider 
flammability limit than gasoline. Thus, the hydrogen-blended gasoline engine could be run smoothly at 
high excess air ratios. However, because of the narrow flammability of gasoline, the original engine 
suffers a slow burning or even incomplete combustion at high excess air ratios. Thus, although the 
gasoline-air mixtures have a higher energy density than the hydrogen-gasoline-air mixtures at a specific 
excess air ratio, Imep of the pure gasoline engine is still lower than the 3% hydrogen-blended gasoline 
engine at an excess air ratio of 1.4 due to the slow burning and incomplete combustion of gasoline. 
Besides, Fig. 1 also shows that, for all excess air ratios, Imep of the gasoline engine are scattered from the 
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average value. This is because the narrow flammability of gasoline may easily lead to the adversely 
increased cyclic variation for the pure gasoline engine at stoichiometric and especially lean conditions. 
 
            (a)  λ = 1.0                                              (b)  λ = 1.2                                       (c) λ = 1.4 
Fig. 1 Indicated mean effective pressure versus cycle number at three excess air ratios 
The variations of engine cylinder pressure with crank angle are given by Fig. 2. It is seen that the peak 
cylinder pressure is enhanced and its relevant crank angle position is advanced by the hydrogen addition. 
This is because the hydrogen has a wide flammability which enables the fuel to be burnt completely at 
lean conditions. Besides, the high flame speed of hydrogen also helps improve the gasoline combustion 
process. The heat release fraction (HRF) versus crank angle is shown in Fig. 3. Fig. 3 confirms that, since 
hydrogen possesses a higher flame speed and a higher diffusion speed, heat release speed of hydrogen-
blended gasoline engine is obviously higher than that of the pure gasoline engine. This proves that the 
addition of hydrogen avails reducing the engine exhaust loss due to the shortened post-combustion period. 
 
            (a)  λ = 1.0                                              (b)  λ = 1.2                                       (c) λ = 1.4 
Fig. 2 Cylinder pressure versus cycle number at three excess air ratios 
 
            (a)  λ = 1.0                                              (b)  λ = 1.2                                       (c) λ = 1.4 
Fig. 3 Heat release fraction versus cycle number at three excess air ratios 
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It is seen from Fig. 4 that, because of the short quenching distance and wide flammability of hydrogen, 
HC and CO emissions from the 3% hydrogen-blended gasoline engine are lower than those from the pure 
gasoline engine. However, because of the high flame temperature of hydrogen, NOx emissions are 
increased after the addition of hydrogen.  
 
Fig. 4 Emissions from 0 and 3% hydrogen-blended gasoline engines 
4. Conclusions 
This paper investigated the combustion characteristic of a hydrogen-blended gasoline engine under 
high loads and lean conditions. It was found that the engine cyclic variation in indicated mean effective 
pressure was decreased and the heat release speed was accelerated after the hydrogen blending. Except 
for NOx emissions, HC and CO emissions are reduced after the hydrogen addition. The results from this 
study suggest that the gasoline engine could be run stably at lean conditions with hydrogen blending and 
therefore take more advantages of lean combustion on improving the engine thermal efficiency and 
reducing toxic emissions. 
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